Two lectin-resistant mutants derived from Madin Darby canine kidney cells, with constitutive alterations in the asparagine-linked carbohydrate moieties, retained the characteristic structural and functional epithelial polarity of the parental cells. A ricin-resistant cell line was unable to incorporate galactose-sialic acid into glycoproteins and, from the pattern of cross-resistance to other lectins, appears to be different from previously described lines resistant to this lectin; the mutation in a concanavalin A-resistant line results, probably, in the production of defective carbohydrate cores of glycoproteins. In spite of glycosylation defects which result in an increased electrophoretic mobility of many cellular glycoproteins, both mutants retained the typical asymmetric structure of the plasma membrane (microvilli on the apical surface, junctional elements on the basolateral surface), functional tight junctions, and unidirectional active transport of electrolytes and water. These results suggest that glycoproteins with terminal galactosesialic acid moieties are not critically involved in the development and maintenance of polarity in epithelial cells. The mutant cells, particularly the ricin-resistant line, exhibited, however, morphological and electrophysiological changes which suggest a quantitative effect of the mutations on intracellular traffic of membranes and tight junction formation. The cell lines described in this paper, the first lectinresistant mutants of epithelial lineage, should prove useful tools for studying the peculiarities of glycosylating pathways in polarized cells.
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The ability of epithelial membranes to function vectorially depends on the polarity of the epithelial cells, observable both in the asymmetric distribution of organelles in the cytoplasm and in the segregation of different sets of proteins into two opposite plasma membrane domains, apical and basolateral, separated by tight junctions. External signals, such as the contact with other cells or with the basal lamina through interaction with specific surface molecules, may be important determinants in establishing and maintaining epithelial polarity (E. RodriguezBoulan, in B. Satir, ed., Modern Cell Biology Reviews, in press). Given the well-documented involvement of the carbohydrates of glycoproteins and glycolipids in surface recognition proccesses, we became interested in studying the effect of constitutive alterations of glycosylation on the polarity of epithelial cells.
In recent years, epithelial cell lines which retain in culture polarity properties of natural epithelia have become available. The dog kidney cell line Madin Darby canine kidney (MDCK) has been the object of the largest number of studies. As confluent monolayers, MDCK cells become morphologically and functionally polarized. They develop transmonolayer electrical resistances of 100 fQ cm2, a small electrical potential (about 1 mV, positive on the basal side), and cationic selective permeability (Na+ is preferred ten times over Cl-) (1, 2, 12) . The cells transport water and ions unidirectionally to the basolateral side. When the monolayers are grown on impermeable substrata, this results in the formation of domes. Like natural epithelia, MDCK cells generate two domains in the plasma membrane, apical and basolateral, separated by tight junctions (1, 2, 8, 12) . Plasma membrane proteins are asymmetrically distributed between the apical and basolateral surfaces (10, 16) . This is dramatically demonstrated by the asymmetric budding of enveloped viruses from only one plasma membrane domain, which results from the accumulation of viral envelope glycoproteins in the appropriate plasma membrane region (19, 20) . Influenza virus, Sendai virus, and simian virus 5 bud from the apical surface of MDCK cells, but vesicular stomatitis virus (VSV) is assembled only from basolateral plasma membrane regions.
In this paper, we report the selection and partial characterization of mutant cell lines resistant to concanavalin A (ConA) and to Ricinus communis agglutinin (RCA), derived from MDCK cells and designated ConAr and RCA' cells, respectively. In spite of constitutive alterations in the carbohydrate moieties of glycoproteins, which in the case of the RCAr cell line amount to the loss of at least the galactose-sialic acid residues, the lectin-resistant mutant cell lines retain ultrastructural and physiological polarity and the ability to develop functional tight junctions. This is in agreement with our previous demonstration that both mutants exhibit polarized budding of enveloped viruses and an asymmetric distribution of viral glycoproteins in the plasma membrane (6 ,ug of the respective lectins per ml as described above. The frequency of spontaneous mutation to the RCAr phenotype was 6 x 10-6, whereas the frequency of mutation to ConAr was 3.3 x 10-6. Treatment with the mutagen nitrosoguanidine increased the mutation frequencies by approximately 5-and 10-fold, respectively. The lectin-resistant cell lines are quite stable since they have retained their lectin-resistant phenotype after over 6 months of culture in the absence of the lectins. Furthermore, different clones of each mutant behaved similarly with respect to the phenotypic properties examined; these phenotypes are the only ones we observed among the survivors of three independent selections with both lectins. [35S]methionine per ml and one-tenth of the normal concentration of cold methionine was added, and the cells were incubated for 15 h. Supernatant viruses were collected by centrifugation through a 20% sucrose cushion, dissolved in gel sample buffer, and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gels were dried and exposed to X-ray film for autoradiography. Letters (Fig. 1) . The unglycosylated forms of the G protein migrated with a lower electrophoretic mobility which was identical for the lectin-resistant mutants and the WT cells. The latter experiment also revealed a decreased sensitivity to tunicamycin generated by the mutation to the ConAr phenotype since the highest dose of this drug which was utilized (3 ,ug/ml), though totally effective in blocking the glycosylation of G protein in WT and RCAr cells, was only partially effective in ConAr cells (Fig. 1) . Taken as a whole, the above data suggest that the mutation in the RCA' MDCK cells results in the production of truncated carbohydrate side chains, possibly lacking terminal galactose-sialic acid residues. The ConAr mutation is clearly different and might tentatively be localized in the carbohydrate cores. We have reported a differential effect of the ConAr mutation on the synthesis of carbohydrates of VSV G and influenza HA proteins and suggested that this might result from a lesion in the synthesis of high-mannose residues which left the synthesis of complex chains unaffected (6) . However, studies on the glycopeptides of G protein in ConAr cells demonstrate the existence of an alteration (unpublished data with John Hakimi).
Ultrastructure of the lectin-resistant mutants of MDCK cells. Lectin-resistant MDCK cells were examined by electron microscopy to reveal the presence or absence of characteristic morphological features of WT cells. Both ConAr and RCAr cells appeared similar to parental cells in that microvilli were present at the apical free surface and tight junctions and desmosomes were present at the lateral face (Fig. 4) . RCA' cells exhibited a large number of dilated smoothsurfaced cytoplasmic vacuoles which ranged in size from 0.1 to 2 ,um. ConAr cells also exhibited a slightly increased number of vacuoles smaller than those observed in RCAr cells. Preliminary freeze-fracture analysis of ConAr and RCAr cell lines demonstrated the existence of tight junctions similar in complexity to those found in parental MDCK cells (data not shown).
Dome formation by lectin-resistant mutants of MDCK cells. ConAr and RCAr mutants of MDCK cells, when grown to confluency on plastic petri dishes, developed epithelium-like monolayers that resembled those formed by the parental cell line MDCK. An increased number of cytoplasmic vacuoles was evident by phase microscopy in RCAr MDCK cells. At 3 or 4 days after reaching confluency, the mutant cells, like the parental cell line, developed blisters, or domelike formations, which apparently result from transepithelial active transport and accumulation of fluid and electrolytes between the monolayer and the substratum (data not shown; see reference 8) . As in the parental cell line, the formation of domes was inhibited by the addition of 10-5 M ouabain to the culture medium.
The fact that dome formation is conserved in lectin-resistant mutants of MDCK cells suggests that these mutants, like the parental cells, possess functional tight junctions and are capable of carrying out unidirectional transport of salts and water.
Development of transepithelial electrical resistance in lectin-resistant mutants of MDCK cells. The time course of the development of electrical resistance in monolayers of ConAr and RCAr mutants of MDCK cells, as well as in the parental cell line, was determined as previously described (2) after heavy cell plating on collagencoated nylon disks. The mutant cell lines showed kinetics of development of transmonolayer resistance similar to WT MDCK cells, with detectable resistance at about 4 to 6 h and a peak at 24 h after plating (Fig. 5) . The peak values of resistance were similar for MDCK and ConAr cells (180 to 200 fQ . cm2); RCAr cells showed somewhat lower peak values (120 fQ . cm2). These results further indicate that the mutations responsible for lectin resistance did not prevent the development of tight junctions. However, the fact that monolayers of RCA' cells consistently yielded lower values of transmonolayer electrical resistance suggests that the process of tight junction formation is partially impaired in these cells and that the carbohydrate moieties of surface glycoproteins may be directly or indirectly involved in it.
DISCUSSION
The carbohydrates in plasma membrane glycoproteins and glycolipids participate in the interactions of cells with each other as well as with viruses, hormones, growth factors, and other ligands (9, 13, 21, 22) . Much information has been gained in recent years in the area of the biosynthesis of the carbohydrate moieties of glycoproteins (see references 14 and 26 for recent reviews). Lectin-resistant cell lines have proved particularly valuable in this regard, since they exhibit characteristic defects in specific steps in the glycosylation pathway (see reference 24 for a review). In addition, lectin-resistant cell lines are excellent tools for studying the effects upon cells of possessing a large number of specifically altered membrane glycoproteins. In fact, the lectin-resistant phenotype has been correlated with increased susceptibility to various drugs (29) , loss of Thy 1 determinants from the cell surface (7), and restricted production of some enveloped viruses (23) .
The potential of this approach, however, has not been fully exploited. All lectin-resistant lines to date have been isolated from cells having relatively undifferentiated or highly transformed properties (i.e., CHO, baby hamster kidney, HeLa, and lymphoma cells). The RCAr and ConAr MDCK cells described here are the first lectin-resistant mutants derived from a polarized epithelial cell line. Since the alterations in carbohydrate structure in these cells appeared to be stable and could be identified biochemically, it was of interest to study the effects of a given change in carbohydrate on cellular functions characteristic of epithelial cells. In this paper, we report that both mutant cell lines show clear lesions in carbohydrate synthesis but retain several differentiated functions such as tight junction assembly, dome formation, and development of transepithelial electrical resistance. Ultrastructural features of epithelial cell polarity are preserved, in agreement with previous findings that the viral glycoproteins of VSV and influenza virus retain their polarized distribution in the plasma membranes of infected lectinresistant MDCK cells (6) .
The mutants also bear interest in regard to the details of oligosaccharide synthesis. The RCAr MDCK mutant appears to be different from the CHO-derived mutants in complementation group 1 described by Stanley et al. (25) since it does not show increased sensitivity to ConA or increased resistance to WGA and the increase in resistance to PHA is much smaller (5-fold against 1,000-fold) than that in group 1 mutants. It is also different from the mutants in Stanley's complementation group 4, which show highly increased resistance to PHA but no cross-resistance to RCA. Like both groups of CHO mutants, however, the RCAr MDCK cells exhibit deficient incorporation of galactose into the G protein of VSV, which correlates with prematurely terminated carbohydrate branches. Preliminary analysis of glycopeptides derived from VSV and influenza virus grown in WT and RCAr MDCK cells fully supports this conclusion.
One candidate for the mutant protein in RCAr cells would be a galactosyltransferase, which would determine the production of glucosamine-N-acetyl-terminated branched structures. This is supported by preliminary evidence (data not shown) that the G protein in VSV-infected RCAr MDCK cells is resistant to endoglycosidase H digestion, which indicates that significant postmicrosomal processing of mannose-rich core oligosaccharides has occurred (17, 27) . This would also explain the lectin cross-resistance phenotype of this mutant.
The ConAr mutant is quite different in behavior from the RCAr mutant. ConAr cells have a different cross-resistance phenotype, and [3H]galactose is incorporated efficiently into G protein produced by ConAr cells infected with VSV. We have previously reported (6) that VSV G protein synthesized by ConAr cells has an electrophoretic mobility similar to that of G protein synthesized in WT cells, whereas the mobility of influenza hemagglutinin is clearly increased when produced by the same mutant line. We correlated this disparity with the reported differences in the structures of the carbohydrate moieties of G and hemagglutinin proteins (mature hemagglutinin contains high-mannose as well as complex side chains) and concluded that the ConAr mutation might affect only a subclass of core high-mannose oligosaccharides, possibly those not destined for processing into complex structures. Such a differential effect on high-mannose chains has been described in the case of class E Thy 1-negative lymphoma cells, which are also ConAr (3, 4 , x8,100 (a,c,e) and x32,500 (b,d,f) .
which may indicate a quantitative effect of the lectin resistance mutation on the tight junction integrity. Also intriguing in these cells is the presence of increased numbers of smooth-surfaced vesicles. Since the addition of ConA to macrophages prevents the fusion of phagosomes and primary lysosomes (5), it is possible that this accumulation of vesicles is caused by a defect in a carbohydrate-mediated fusion event involving two normally existing classes of intracellular vesicles. We are currently studying the effect of the mutations on the rates of endocytosis and lysosomal degradation of proteins.
All lectin-resistant mutants isolated to date have been derived from nonpolarized cell lines. The availability of lectin-resistant mutants selected from epithelial cells should help in studying the peculiarities of glycosylation pathways and mechanisms in polarized cells.
